Abstract This work studies the combined behavior of (1)
Introduction
In the recent past we have shown that two of the most important new developments irr petroleum production engineering (horizontal wells and high-permeability hydraulic fracturing) can be combined. 1'2 The recommended configuration for a relatively high-permeability reservoir (e.g., k> 10 md) is a horizontal well drilled in the expected fracture azimuth and, thus, the executed hydraulic fractures would be longitudinal to the well. Of course, such a WCII completion must meet two critcna: (1) it is economically superior to a fractured vertical well or to an unfractured horizontal well (incremental discounted benefits minus costs) and (2) it is logistically possible. In certain cases, well trajectories along the required mwimum horizontal stress direction are cumbersome to impossible.
In other publications we had compared vertical and horizontal fractured well performance3-5 (see Fig 1) and the conclusion has been that in cases where a vertical WCIIwould result in a large dimensionless conductivity fracture (i.e., lowpcrmcability reservoirs) the longitudinal fracture cotilguration for a horizontal well would be unattractive. In the iattcr case, the likely configuration should be multiple transverse fractures, subjected again, to a demonstrable economic benefit and, contenting with other considerable logistical difficulties for their execution. We have also suggested that unfractured horizontal wells, drilled in rcsemoirs where vertical wells are fractured, are unlikely to be attractive and therefore, if drilled, such wells should be hydmu]ically fractured also. Exception to this is the case of extraordinary areal permeability anisotropy. 4 We have presented an analytical solution for the longitudinally fractured horizontal well, using a similar approach' 'z as the one presented by Cinco-Ley and Mengs for fractured vertical WCIIS,The solution shows a profound tilting of the finite conductivity fracture response, whose distinguishing feature is the quarter slope straight line on the log-log plot, towards the response of the infinite conductivity fracture (Gringarten et al.') The latter is the well known halfslopc straight line, indicative of linear flow. We have implied that a horizontal well, fractured in the longitudinal direction, would serve as an "intinite conductivity streak'" in an otherwise finite-conductivity medium. This effect is more pronounced in relatively thin reservoirs, although it is present to varying degrees in all thicknesses. The implications of this finding have considerable economic impact. Much lowerconductivity fractures (i.e., much narrower), executed from a horizontal well longitudinally, can outperform much wider fractures from vertical wells, The latter has been thus far the indicated stimulation design for high permeability-fracturing employing the tip screen-out technique. Much smaller fracture treatments in horizontal wells would sutllce.
Areal permeability anisotropy has been shown to exist in almost all resemoirs and has been postulated that the direction of minimum horizontal stress coincides with the direction of minimum Permeability.s"'" This means that a vertical hydraulic fracture, normal to the minimum horizontal stress would also be normal to the minimum permeability. Areal prrneability anisotropics as high as 100 to 1 have been measured in the field.8
The performance of fractured vertical wells in permeability anisotropic reservoirs has been studied by BenNaceur and Economies.'1 Presuming that the fracture would be normal to the minimum horizontal permeability they have shown that areal permeability anisotropy would result in an apparent fracture length that would be considerably reduced, compared to the actual.
It is primarily the effects of areal permeability anisotropy that this numerical study is intending to evaluate. Clearly, the first step is to replicate the results of the analytical solution, which was limited to an infinite-acting reservoir with permeability isotropy.
Summary of Semi-Analytical

Solutions
From the recent publications,l'2 where we have presented the semi-analytical solutions to the problem of a hydraulic fracture, longitudinally intersecting a horizontal well, the constant terminal rate case (Fig. 2) shows that such a configuration would yield far less pressure drop than the same fracture, intersected by a vertical well, In Fig. 2 onc can sce that a vertical well with a dimensionless finite conductivity F=-= 1, presents the typical quarter-slope response in both the pressure and pressure derivative curves. However, [he same reservoir and fracture have a different response when intersected by a horizontal well. The thinner the reservoir is the closer is the res~nse of the Iongimdinally fractured well to that of an intlnite conductivity fractured vertical well (i.e. half-slope in the pressure and pressure derivative). These results indicate that homogeneous, high-permeability reservoirs have better performance with longitudinally fractured horizontal wells than with fractured vertical WCIIS, and the relative advantage with fractured horizontal wells increases as the ratio of the formation thickness 10 the fracture half-length ( i.e. hD=h/x/) decreases,
The solutions for the constant terminal pressure case are to demonstrate the effeets of the welUfracture conf&urat ion on the production rate and cumulative production The semianalytical solutions show that the production performance of the horizontal well can be several times that of the vertical well (Fig. 3) . The production performance of the horizontal well improves over that of the vertical well as the ratio of the reservoir thickness to the fracture half-length decreases.
The most profound conclusion is that a horizontal well can provide the same or better performance with much smaller fracture widths than a fractured vertical well in the same reservoir
Simulation Model
We have used a three-dimensional, three-phase, fully implicit, finite difference numerical simulator. We limited our work to the simulation of a slightly compressible fluid filling a homogeneous rectangular reservoir of uniform thickness. The reservoir has a symmetric, centenxl fracture with height equal to the reservoir thickness. The fracture can be intersected by either a vertical or a horizontal well. The model has three planes of symmetry which divide the reservoir into eight identical elements.
We have rcduccd the computational requirements by simulating one of the eight elements of symme~.
To properly account for pressure drops, ftuid flow and well productivity, it was necessary to modify the following simulation parameters:
(1) the transmissibilities and porosities along the planes of symmet~, and (2) the well productivity. Table 1 summarizes the changes required to simulate a longitudinally fractured horizontal well using an clcmcnt of symmetry,
The numerical model uses a grid similar to that proposed by Morse and Von Gontcn12 and by Agarwal et al.'3 Our grid CCIISarc spaced logarithmically from the tip of the fracture to the external boundary, x,, and from the face of the fracture to the external boundary, -ye,
We distribute the cells logarithmically in the quarter of the fracture length close to the wellbore and the one close to the tip, This type of spacing allows capturing the flux distribution within the fracture] 4'] 5 for both the verlical and the horizontal well contlguration, Fig. 4 shows a cross-section of the simulation model, The upper let? comer represents the origin of coordinates, the vertical well is located in the upper left comer.
The half fracture extends from the. upper Iei? cell along the xdirection. In the cross section the horizontal well and the fracture location coincide.
Although not shown, the ceils in the vertical direction have been distributed logarithmically.
Results
Corroboration with Semi-Analytical Solutions
With simulation runs we have been able to match the semianalytical results presented earlier."2 We have confhmed the reductions in pressure drop for the longitudinally fractured horizontal well cotilguration with the corresponding tilting of the pressure and pressure derivative towards the behavior of an intirrite conductivity fractured vertical well. We consider that these departures are insignificant and ean be resolved by further refinement of the simulation grid but with a considerable increase in simulation time.
Fig. 6 presents the comparison of the solutions for the constant production rate case. The numerical solutions present mild deviations from the semi-analytical solutions at early times ( t~ti <0.01 ).
Anisotropic Formations
In trying to assess the performance of a longitudinally fractured horizontal well we have investigated the effects of both vertical and horizontal anisotropy. We start by defining the index of anisotropy, I..,, as the square root of the horizontal-to-vertical permeability ratio (ApWndix A), The horizontal permeability is taken as the square root of [he product of the two main horizontal permeabilities (Appendix A). Wc first investigated the effects of vertical-to-horizontal anisotropy.
Horizontal-to-Vertical Anisotropy. The fractured vertical well configuration is a 2D problem, therefore neither the dimensionless height nor the vertical anisotropy affect its performance.
However, for the longitudinally fractured horizontal well, the vertieal component of the flow adds another dimension to the problem.
We simulated several eases varying the index of anisotropy while holding constant and isotropic the horizontal permeability. We found that even though the longitudinally fractured horizontal well is a 3D problem, the vertical anisotropy has little effect on its pressure and rate performance. Fig. 7 shows the results from simulating an infinite acting reservoir of 0.25 dimensionless height and with index of anisotropy, IO.,, of 1, fi and 10. It can be seen that the anisotropic cases overlay implying that [hc response of the fractured horizontal WCIIis not very sensitwe to the horizontal-to-vertical anisotropy, Fig. 7 also shows, for comparison, the behavior of the isotropic fractured vertical well. The response of the isotropic fractured vertical well is outperformed by a longitudinally fractured horizontal well for any dcgrcc of anisotropy. Additionally, Fig. 7 shows a bell shaped curve that represents the percentage of reduction in well flow rate when horizontal-to-vertical anisotropy is simulated, The flow reduction has been defined as (qD,,.-qD.nJ/gD,Jo Fig. 8 shows how the reduction in well flow rate increases as the dimensionless thickness of the reservoir incrcascs or the fracture length decreases.
Horizontal Atiisotropy. We investigate here the effects of varying the permeability perpendicular to the fracture while keeping constant the permeability parallel to the fracture plane. In other words, both k, and k, are held constant and equal to each other while kYis allowed to vary. We define an areal index of anisotropy 1..,,O, as the square root of (he maximum to minimum horizontal prrncability ratio (Appendix A), Note that variation in k, is not important as shown above, We have simulated anisotropic cases for h~of 0.25 and 0,5 and Fc~of 0,1. In doing so, we have assumed that the maximum horizontal permeability is aIigned with the maximum horizontal stress and the minimum horizontal permeability is aligned with the minimum horizontal stress, i.e. normal to the fracture plane. Five horizontal anisotropy cases (i.e. l..,, O,=1, & , 2, m , and 10) were run for each combination of hD and FCD,
In Fig. 9 wc show that vertical anisotropy causes a reduction in dimensionless rate (or an increase in dimensionless pressure drop). As the value of horizontal permeability kH reduces, while holding k. constant, the production rates decrease, The detrimental cffeets of horizontal anisotropy are far larger than those of horizontalto-vertical anisotropy.
One of the consequences of st rcss anisotropy is that the face of the fracture will always be normal to the minimum stress and therefore it will also tend to be normal to the minimum permeability. However, an unfractured horizontal well should be drilled normal to the maximum hor-izontaf permeability. We have investigated the relative benefit of a longitudinally fractured horizontal well when compared to that of an optimally oriented, unfractured horizontal well in the presence of different degrees of horizontal anisotropy. In Fig. 10 we show that a longitudinally fractured horizontal well will always outperform an unfractured horizontal well in an isotropic formation. Fig. 10 also shows that as the formation bccomcs thicker the relative benefits of the fractured well are sustained better throughout the production history. Fig. 10 also shows that as areal permeability anisotropy increases, an unfractured horizontal well optimally oriented can be more attractive than a longitudinally fractured horizontal well whose direction is dictated by the fracture azimuth.
As the degree of anisotropy increases the attractiveness of the unfractured well increases.
The last issue addressed in this paper is how to analyze pressure or rate data from a longitudinally fractured horizontal well in an anisotropic formation. We propose here that a set of coordinate transformations (see Appendix B) can collapse the behavior of the anisotropic formation to that of an equivalent isotropic formation with an equivalent dimensionless fracture conductivity. Fig. 11 shows that lhe rate and time response for an anisotropic case (dashed line) will, when transformed, collapse (symbols) to an equivalent isotropic case (thick solid Iinc). The equivalent isotropic case will have a different dimensionless fracture conductivity, In the example shown in Fig. 11 , the anisotropic case with FCD=O.1 will collapse to an isotropic case with Fc~= 1 after proper transformation, For this calculations, the permeability perpendicular to the fracture plane is 100 times smaller that the permeability parallel to the fracture plane. The anisotropic rate and time data have been transformed according to the The equations above imply that an analysis of rate or pressure data in an anisotropic formation, using conventional techniques, will yield a permeability that represents a geometric average of the main three permeabilities, a smaller resewoir thickness and a larger dimensionless fracture conductivity.
We use here the data from Fig. 11 to demonstrate the correct use of the transformation for data analysis. Let #=0.2, ,U~=l.O, B~=l. 1, h=lOO t% ct=5.5 psi"], and a drawdown of 2000 psi. In addition we assume a horizontal well with a length of 400 ft, i.e. x--2OO ft. The calculated dimensionless reservoir thickness, h~is 0.5. From the propped volume we can calculate an average fracture thickness, w, of 0.02 ft and we have an estimate of the proppant permeability, /9=2000 md.
The problem posed here is undetermined since we have five equations (i.e. Eqs. 1-5) and six unknowns (k= kp k,,~, Fc~, h~), To solve the problem, we must know one of these unknowns, The steps are described below. We first get a match point between the actual data p-t or q-t and a type curve, we get a match point for an FCD=1 and hD=O,S at (qD= 1, t~~l) and (q=258 stb/D, t=84 hr). Then, using Eq. 2, we calculate a permeability in the xdirection, k==1.98 md.
From the rate match we can calculate an average horizontal permeability of 0.2 md, therefore we can estimate the permeability perpendicular to the fracture using kH and k:,. The result, kY=0.02 md, is indeed about 100 times smaller than the permeability parallel to the fracture plane. The vertical permeability, kz, is calculated from the FCD match to be equal to 2 md. At this point we use Eq. 5 to explicitly calculate h.~=0.5. If any of these parameters is in disagreement with the known data we iterate again until all calculated parameters are consistent.
Had we not used the transformation but assumed that the formation was isotropic, we would have estimated a reservoir permeability of k=O.2 md (Eq. A-2), a ffacture half-length of x~63 ft @q. A-3), and a fracture dlmensiordess conductivity of Fm=3.2 (Eq. A-5).
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We have matched both the numerieal and semianalytieal solutions for the isotropic, longitudinally fractured horizontal well, with both constant rate and constant pressure drawdown conditions. Horizontal-to-vertical anisotropy does not reduce appreciably the relative benefits of longitudinally fractured horizontal wells over fractured vertical wells. The response of an isotropic fractured vefiieal well is outperformed by a longitudinally fractured horizontal well for any degree of horizontal-to-verticat anisotropy. Horizontal anisotropy has a much greater effect on production than horizontal-to-vertical anisotropy. A longitudinally fractured horizontal well will always outperformed an optimally oriented, unfractured well in isotropic formations. Unfractured, optimally oriented horizontal wells become attractive as horizontal anisotropy increases and reservoir thickness reduces. A simple transformation has been found that allows the analysis of longitudinally fractured horizontal well pressure isotropic case conductivity, or rate data using an equivalent with a larger dimensionless fracture 
...(33-3)
Assuming that the porous medium is anisotropic but
The correct choice of average permeability depends on the homogeneous (i.e. the permeability varies with direction but boundary conditions and on the goal of the transformation. not with position), we can transform this equation into an equivalent isotropic, homogeneous case using the following general transformations: O.0001 0.001 0.01 0.1 1 10 100 1000 t~ti Fig. 10 -Comparison between longitudinally fractured, horizontal well and unfractured horizontal well oriented perpendicular to maximum horizontal permeability. U can be seen than as thickness increases the fractured well behavior improves white when the horizontal anisotropy increases the unfractured well, properly oriented has a better performance.
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